Abstract: Friction exists wherever relative motion occurs and is the main source of energy consumption. Lubrication plays a significant role in improving fuel efficiency, reducing emissions, and prolonging the service life of machines. Surface interactions between two moving solid surfaces or the flow of a fluid (and/or environment) on a solid surface are the primary causes of friction. Apart from the mechanical design of moving parts, surface physicochemistry is of crucial importance to lubrication. This review deals with the frontier research on controlling friction and lubrication, highlights the importance of physicochemistry aspects, and enumerates the state-of-the-art chemistry solutions to tribological issues. It aims at inspiring talented young scientists from different fields to make significant contributions to the area.
Introduction
Tribology is the science of the interface of surfaces in relative motion, and primarily deals with friction, lubrication, and wear. Friction consumes a large amount of energy, which along with wear-related energy and material losses, costs about 5%-7% of the gross national product in most industrialized nations [1] . Thus, a reduction in friction will benefit the economic well-being of all nations. Although in many cases, such as in brake systems and roads, high friction is required, this review will basically focus on friction reduction (lubrication) of sliding surfaces and antiwear of materials. Lubrication aims to reduce the friction on a surface with a bearing capacity and tangential shear strength, and it has become one of the core techniques for the purpose of reducing carbon emissions and saving energy [2] . Liquid lubrication can be described by the wellknown Stribeck curve, as depicted in Fig. 1 . The friction coefficient varies with Z·N/P, where Z is viscosity of the liquid, N is sliding velocity, and P is applied load. In hydrodynamic and elastohydrodynamic lubrication (EHD or EHL) lubrication, the sliding surfaces are completely separated by a continuous film of lubricating fluid. In that scenario, the friction coefficient is directly related to the fluid viscosity. Mixed lubrication occurs when the velocity decreases and the asperities of the rough surfaces start to touch each other. In this case, part of the load is carried by the direct contact between asperities, thus leading to increased friction. Mixed lubrication is a transition regime between boundary lubrication and EHL, and contains characteristics of both of them. Boundary lubrication is a condition in which the lubricant film becomes too thin to support a substantial part of the load, and the asperities come into a sufficiently close contact to cause ''stick-slip'' break-off of some of them. The main task of a tribological study is to reduce the friction coefficient at all lubrication regimes. As it will be seen, the interface interaction between lubrication medium and frictional materials plays an important role in friction reduction. Optimization of the lubrication condition highly depends on the physical and chemical properties of the solid-liquid interface. In the region of boundary lubrication, the friction coefficient becomes significantly large, and thus, it requires an effective lubrication technology for reducing friction, such as friction modifier, extreme pressure and antiwear agent, and viscosity optimization. The following sections will discuss in detail the research frontier of the boundary and mixed lubrication practice, and their relevant solutions regarding physics, chemistry, and materials.
Friction reduction through surface adsorption or surface grafts
In hydrodynamic lubrication, the sliding pairs are separated by a liquid film that is self-generated by the moving surfaces by drawing the lubricant into the wedge, and is formed by the bounding surfaces at a high enough velocity to generate the required pressure to completely separate the surfaces and support the applied load. When the load is further increased or the speed of relative motion is reduced, the fluid thin film cannot be effectively formed to bear a high load, and lubrication will evolve into elastohydrodynamic or boundary lubrication (Fig. 1 ). This is a condition in which the lubricant film becomes too thin to provide total separation, and where the asperities come into close contact and deform or break-off [3] . It is well known that non-wetting will not benefit friction reduction under enhanced loading, because liquids would be very easily squeezed out of the contact area when load is applied ( Fig. 2(a) ).
Lubricating oils have to wet the surface to form effective lubricating films ( Fig. 2(b) ). Meanwhile, liquids must have sufficient viscosity to form a hydrodynamic pressure film between the sliding pairs. Therefore, oils (mineral oils, polyolefins, polyether, perfluoropolyether, polyol esters, etc.) are widely used in practice, because of their relative high viscosity, while water has very low viscosity and can hardly bear high load.
Base oils from low polarity to high polarity
The above listed oils are widely used in industry. However, their lubricating performance and loadcarrying capacities are not satisfactory at severe conditions, such as high loads or low sliding velocities. Besides the improvement of dynamic viscosities of base oils by molecular design, the lubricating and antiwear properties are normally ameliorated by enhancing the surface affinity of lubricants ( Fig. 3(a) ).
Increasing the polarity of mineral oils and polyolefins to polyether and polyol esters lubricants has led to increased load carrying capacity, because the latter oils have stronger interaction with the frictional surfaces. The drawback of a high polarity structure is the easy attack by external triggers (environment, friction practice). Polyethers are prone to degrade and polyol esters are liable to hydrolysis.
Fig. 2
Stability of liquid upon increasing load. Liquids are prone to be squeezed out of the contact area of sliding, leading to dry friction. Good wetting ability is required to form a stable lubricating film. A recent successful example in novel high polarity lubricating oils is the design of ionic liquids (ILs) lubricants [4] [5] [6] [7] [8] [9] . ILs are ion pairs of cations and anions ( Fig. 3(b) shows the structure of imidazolium based ILs), which remain with good mobility even at low temperatures, and maintain stability at high temperatures (some of them have over 350 °C decomposition temperature). The high polarity of ILs molecules provides them with high affinity to the friction surface, the main factor leading to good lubricity and load carrying capacity (over 5 GPa vs. ~3 GPa of conventional oils). Forsyth et al. have studied the boundary film generation of various phosphonium ILs on a series of native films on metal and ceramic surfaces using multinuclear solid-state nuclear magnetic resonance (NMR) [10] . The results indicate that SiO 2 and Mg(OH) 2 interact strongly with ILs anions and cations, firstly through the adsorption of anions and subsequently by the close proximity of cations in the form of double layers (as observed through 1 H- 29 Si cross-polarization experiments). In contrast, Al 2 O 3 , MgO, ZnO, and ZrO 2 appear less active owing to less hydroxyl groups on these surfaces. Kajdas developed the anion adsorption model, in which low energy electrons are emitted from contact convex points on the metal surface during friction, leaving a positive charge formed at the surface of the tiny convex volumes, which strengthens the adsorption mode [11] . Clearly, the anions in ILs can be easily adsorbed onto these positively charged sites of a worn metallic surface, and the counter cations are assembled successively by the electroneutrality principle. The dipolar ion structure makes ILs to form an ordered bilayer crystal structure in solid state, in which alkyl chains interdigitated and an extended bilayer with alkyl chains are packed end-to-end. Therefore, it might be true that ILs form ordered adsorption layers on sliding surfaces, most possibly in multilayered fashion, whose structure resembles that of graphite and molybdenum disulfide [7, 12] . This provides good lubricity for ILs under relatively low shear strength. There are thousands of different types of ILs owing to the variable combination of cations and anions. To screen those in which the industry could be interested and that can be used in practice will be a continuous task of future research.
Because 1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate ([HMIm]FAP) ionic liquid is composed solely of cations and anions, the interface lubricity can be externally controlled in situ by application of a potential bias to a highly oriented pyrolytic graphite (HOPG) surface. Atkin et al. revealed that superlubricity can be ''switched'' on and off in situ when an ionic liquid is used to lubricate the silica-graphite interface by atomic force microscopy measurements [13] . When the potential is changed, the composition of the interfacial layer responds, which alters the frequency and magnitude of stick slip events, and hence the energy dissipated and friction. At +1.5 V, the anion-rich interfacial layer is ''super-lubricating'' and friction falls to immeasurable values.
Friction modifier (FM) function owing to interfacial assembly
Another very frequently used way to enhance the lubricity and antiwear of lubricants is the application of FMs (additives) [14] . FMs have polar heads that can interact with the frictional surface. Meanwhile, Van der Waals forces between the molecular tails cause the molecules to align themselves in such a way that they form the absorbed monolayer. If the timescale allows it, all molecules line up, straight, perpendicular to the metal surface, leading to a multilayer formation of the FM molecules ( Fig. 4(a) ). The FM layers are difficult to compress but very easy to shear at the hydrocarbon tail interfaces, which supports the loadcarrying capacity and friction-reducing properties of the FMs, respectively. FMs are usually employed in rather low concentration, but they can significantly enhance the tribological properties of base oils, especially the less polar oils. Fatty acids have long been used as FMs to reduce friction in mineral oils owing to their high affinity to metal surfaces [15] . Therefore, it is easy to understand that their friction-reduction ability depends on the type of substrate, because of the differential reactivity of carboxylate with substrates. Besides, their effects will be weakened in polar synthetic fluids such as polyethers and synthetic esters because of the competitive interaction strength. One design criterion is to introduce an additional carboxyl group into the fatty acid to enable divalent interaction, so as to enhance the tribological property (Fig. 4(b) ) [16] . Another design approach is to find alternative acting functional groups to replace the carboxylic head (Fig. 4(b) ). Fatty acids made a great contribution to lubrication in the early years, since the 1920s, but since the 1950s were gradually overtaken by sulphur/phosphorous containing compounds, which provided greater adsorption strength with a larger variety of metallic materials. Since then, countless studies have been reported in the area. It was many years later, after their application in tribology, that the term "self-assembly" was created (usually, self-assembled monolayers (SAMs)) to elucidate the underlying science [17] . It was revealed that thiols and sulphides could form high quality monolayers on noble metal surfaces, much stronger and faster than fatty acids do on very limited oxides, such as Fe 2 O 3 and Al 2 O 3 , which is the main reason why sulphurcontaining additives became popular after fatty acids. A fast and high-quality assembly of the additive on a frictional surface is favorable to heal the surface layer damage under severe sliding conditions.
SAMs have been one of the most important research areas in the past thirty years in surface/material science. The vast amount of research on SAMs should help tribologists to understand the underlying science more clearly, and eventually contribute to a more effective design of new lubricants. Because different head groups have different reactivity with substrate materials, there will be no universal FMs for all materials. Is there any hope to find a modifier that can adhere to all materials? The recently studied mussel-inspired adhesion, based on catecholic chemistry, provides one possibility [18] . However, the selfassembly rate of dopamine at the interface might not match with the frequency of friction. The effective FM might be that in which instantaneous assembly occurs once the absorption layers are sheared off and the assemblies are strong enough to withstand load. Besides additive design, some novel characterization approaches for SAMs should be more extensively used to understand the lubrication mechanisms at molecular level. Work on these aspects will require additional efforts.
Here we would like to mention a novel way of applying FMs by using thermo-reversible (TR) gel lubricants, which consist of a base fluid and gel agent bearing polar groups and alkyl groups [19] [20] [21] [22] [23] [24] . TR gel lube includes a high percentage of gelling agent, which is basically an FM that is released when the gel changes to liquid state above the melting point. Thus, they can be easily and strongly absorbed on a metal surface with their own polar group to form a stable film. This absorbed film plays a role as an oiliness agent, and it significantly decreases friction and wear. Substantial work is still required to clarify in detail the mechanism of the TR gel lube and its tribological properties. We also report on a gel lubricant made of ionic liquids (Fig. 5) [25, 26] . The benzotriazolefunctionalized imidazolium salt can form a fibrous ordered structure in conventional ionic liquids, and it has been used as lubricant by in-situ liquefying. The obtained ionic gels have good anticorrosion ability, conductivity, and thixotropic character, which make them potential anticorrosive solid electrolytes and high performance semisolid lubricants. Especially for some electrical contacts, this ILs gel can be used at low temperatures, and it liquefies upon mechanical shearing with low friction and good antiwear properties. This application prompted us to develop a gel lubrication system by designing low molecular weight gelators (LMWGs) to gelate various lubricant oil [21] [22] [23] [24] . We have designed and prepared a class of LMWGs, which can form random three-dimensional networks and cavities, in which liquid lubricants (such as water, mineral oil, and synthetic lubricating oil) are trapped through H-bonding, π−π stacking, hydrophobic interaction, van der Waals force, London dispersion forces, and electrostatic interaction. The as-prepared gels have good thermoreversible and thixotropic characteristics. This makes that gel lubricants have important implications in lubrication, in which solid-like lubricants are liquefied under high shear strength (high load and lateral shear) and high temperature, and take part in lubrication like oils. The experimental results show that these gel lubricants not only can effectively avoid the lubrication-oil creeping and evaporating loss, which benefits maintenance, but also have better lubricating and antiwear performances than the blank base lubricating liquid and grease. For some special contacts, the gelated base oil can be used to solve problems of base oil creeping and evaporating loss, and thus to enhance maintenance and operation.
Improved aqueous lubrication by amphiphilic surfactant adsorption
Different from the wide application of oil lubrication in industry, aqueous lubrication is used in relatively limited areas, such as metal working processes, bearings in marine industries, and biological systems. Water has limited boundary lubricating capability (load carrying capacity) owing to its low viscosity and viscous pressure coefficient. One main task of aqueous lubrication is to improve the viscosity of aqueous liquids. For example, it has been recently reported that a large-molecular-weight polyanion, sodium poly(7-oxanorbornene-2-carboxylate), can be a high performance synthetic water lubricant for biolubrication because it can significantly improve the rheological property of water [27] . Aside from the viscosity concerns, friction in aqueous media can be similarly reduced through the adsorption of amphiphilic surfactants onto substrates. Briscoe et al. found that the frictional stress between sliding surfaces coated with amphiphilic surfactant layers (N,N-dimethyl-N,N-diundecyl ammonium bromide) immersed in water could be reduced by 1-2 orders of magnitude or more, relative to its value in dry air, although the adhesion hysteresis is comparable in both cases [28] . The surfactant head groups at the substrate surface become hydrated under water and as a result, the slip plane between the sliding surfaces shifts from the alkyl tails/alkyl tails interface in air or oil environment, to the head group/substrate interface in water. The high fluidity of the hydration sheath around the head groups results in greatly reduced friction. Sliding is much easier as a result of the hydration-lubrication mechanism of the hydrated head groups.
Lipids are another type of amphiphilic molecules in biological environments and exist mostly in form of liposomes. Goldberg et al. coated mica with small (approx. diameter 70 nm) unilamellar (single bilayer wall) vesicles of hydrogenated soy phosphatidyl choline (HSPC, structure shown in Figs. 6(a)-6(c)), and investigated the friction acting between two such liposome-coated surfaces by surface force balance (SFB) [29] . The lipsomes may form close-packed boundary layers on surfaces under water, which could lead to a striking reduction in the sliding friction, with the friction coefficients down to 2×10 −5 at pressures up to more than 100 atm ( Fig. 6(d) ). This is attributed to hydration-lubrication by the highly-hydrated phosphocholine groups, which exposed at the surface of the liposomes rub against each other, together with the very robust nature of the adsorbed layers of vesicles. This is due to the closed structure, uniformity, and close packing of the liposomes on the surface, and particularly their rigidity by virtue of being in the gel phase, which enhances their load-carrying capacity.
The extreme boundary lubricating properties of liposomes arising from the hydration lubrication mechanism thus offers great promise for medical and biomedical applications where friction is an issue, including osteoarthritis, contact lenses, or knee-or hip-joint implants [30] .
Improved aqueous lubrication by brush-like macromolecules
Polymers cannot only increase viscosity, but have potential to form boundary adsorption, and thus are an important choice for water lubricants. They are largely inspired by lubrication in nature. The friction coefficient of articular cartilage can be as low as 0.001, and it takes advantage of water lubrication through brush-like glycoproteins grafted on the surface or in bulk, which retain water molecules to generate repulsive hydration forces at the interface of the sliding surfaces (Figs. 7(a) and 7(b)) [31] [32] [33] . The presence of hydrated glycoprotein at the friction surface simply increases the interface viscosity of water and makes it 366
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| https://mc03.manuscriptcentral.com/friction a good lubricant. In a good solvent, the high polymer grafting density forces the polymer chain to stretch away from the surface to avoid overlap of the molecular chain [18] . When the counter sliding pair approaches and presses the polymer chains, the crowded polymer chains will produce a very large osmotic pressure that generates a direction opposite to the applied load through osmolality exclusion. Macromolecular brushes form a hydration layer that is easy to flow, leading to ultra-low friction. However, whether a hydrophilic polymer can result in ultralow friction depends on its capability to form an effective boundary layer. For a rational polymer design, the polymer structures listed in Fig. 8 are highly desirable. They are either diblock polymers, or end functionalized polymers, or combing polymers with anchoring groups, wherein one compartment Fig. 6(c) ). The inset shows the F s versus F n variation on a first approach (empty symbols), and on second or subsequent approaches (correspondingly filed symbols). Curves a-e show the variation F s = μF n , with friction coefficient μ values as indicated in the inset [29, 30] . Reproduced with permission from Ref. [29] . Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2011. forms strong interaction with the frictional surface and the other hydrophilic part forms a hydration layer. Klein et al. reported on the water lubrication behavior of the poly(methylmethacrylate)-block-poly (sodium sulphonated glycidyl methacrylate) copolymer (PMMA-b-PSGMA) on the hydrophobic surface of mica. PMMA segments have strong hydrophobic interaction with the mica surface, which is able to anchor in-situ the anionic PSGMA onto the frictional surface, with polymer chains stretching outwards to form a "brush" type structure [31] . Figure 9 shows that the polymer surfactants lead to very low effective friction coefficients, whereas the neutral brushes and the adsorbed charged chains (coloured symbols and bands) show a rapid increase in friction coefficients at higher volume fractions. Friction mediated by PSGMA brushes (black symbols and grey band) remains extremely low, up to the point where the volume fraction is close to unity. This is attributed to the exceptional resistance to mutual interpenetration displayed by the compressed, counterion-swollen brushes, together with the fluidity of the hydration layers surrounding the charged, rubbing polymer segments. Spencer et al. studied the tribological properties of the positively charged lysine as main chain, hydrophilic polyethylene glycol as side chain, and "bottle brush" type polymer (PLL-g-PEG) as a waterlubricated additive [34, 35] . The polypeptide backbone with a positive charge can be anchored to the negative Fig. 9 Variation of the effective friction coefficient µ with volume fraction f of confined polymer for different polymer lubricants. Reproduced with permission from Ref. [31] . Copyright Managed by Nature Publishing Group, 2003. charge of the metal and the oxide surface by electrostatic interaction. The PEG chain extending outwards forms a "brush"-type structure, and it is combined with a large number of water molecules, which play a very good boundary lubrication effect through an increase in the chain length of the side chain PEG segment, to obtain a lower friction coefficient. They also studied the self-healing effect of the water-soluble polymer additives in the process of friction. When the boundary lubrication layer is damaged because of wear, the bulk polymer in the solution is able to repair the wear surface quickly through electrostatic interactions, which maintains the friction coefficient low.
Improved aqueous lubrication by surface grafted polymer brushes
Surface-initiated polymerization from a surface bound initiator monolayer offers the easiest way to prepare surface-grafted polymer brushes in high density, and it can be used for aqueous lubrication. Spencer et al. have used a photoinduced "grafting from" approach to grow polymethacrylic acid (PMAA) brushes on Si/SiO 2 surfaces, and investigated the lubrication properties of the PMAA brushes of different molecular weights and soft, hydrophilic ox-PDMS pins in macroscopic tribological experiments under lowcontact-pressure, aqueous conditions [36] . The results showed that the PMAA brushes could not be distinguished from the μ vs. sliding speed plots, and long-term stability of the short 15 nm PMAA brushes showed to be inferior to that of long brushes (240 nm dry thickness). PMAA brushes display significantly lower friction than PEG monolayers under aqueous lubrication conditions. This is mainly due to the higher grafting densities of the PMAA compared to PEG layers, enhanced swelling of the polyelectrolyte brushes in neutral aqueous media, and additional electrostatic repulsion against the oxidized PDMS slider. Klein et al. used a surface force apparatus to study the behavior of water-lubricated mica surfaces with grafted polymer PMPC brushes, and found that the surfaces can have μ values as low as 0.0004 at pressures as high as 7.5 MPa (Fig. 10 ) [37] . The primary mechanism underlying the low friction was attributed to the side-chain phosphorylcholine group, capable of binding a large number of water molecules and allowing easy flow of the hydration layer. The flexibility of the hydration layer can withstand high loads and maintain a very low friction coefficient. Friction and wear are often an issue in human-made systems. These results may have relevance for boundary lubrication in human-made systems, and they reveal potential in aqueous or physiological media, especially for biomedical devices.
The interactions between the responsive polymer brushes are strongly dependent on the conformation of the brush, which can be finely controlled. The change in conformation of polyelectrolyte brushes can be translated into friction control [38] . Rutland and Nordgren investigated the stimuli-induced lubrication behavior between poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) grafts on gold under different pH and temperature environments with colloidal probe atomic force microscopy, and found out friction response to pH and temperature [39] . The effects of these two parameters on the brush collapse are subtly different, because pH affects primarily the charging of the amine moieties, whereas temperature controls the strength of the hydrophobic interactions between the polymer chains and the solvent. At low pH, the brush with low friction was attributed to the formation of a repulsive, highly charged, hydrated cushion. At high pH, the friction was significantly increased. The system turned attractive above the lower critical solution temperature, with a small friction reduction interpreted as being due to nanoscopic flattening at the interfacial boundary.
Despite several works being conducted on tuning friction of polyelectrolyte, the types of counterions and the magnitude of friction change are still very limited. We systematically present feasible surfaces for dramatically tuning macroscale friction from superior lubrication (μ 10 −3 ) to ultrahigh friction (μ > 1) via exchanging counterions into polyelectrolyte brushes when the surface is sliding against a silicone elastomer ball [38] . The tunable friction is based on counteriondriven interactions in polyelectrolyte brushes that can be simply achieved by exchanging the counterions. The effects of opposite counterions of different types on the friction properties of polyanionic, polycationic, and polyzwitterionic brushes were systematically investigated. Figure 11(b) showed that the friction coefficient of cationic brushes with quaternary ammonium groups was progressively tuned from ~ 10 −3 to ~ 10 0 according to the counterions series Cl
The friction of anionic brushes can be tuned by oppositely charged surfactants (tetraalkylammonium) with different length of hydrophobic tails, multivalent metal ions, and protons. The friction increase of cationic brushes is due to the dehydration and the collapse of polyelectrolyte chains induced by ion-pairing interactions. For anionic brushes, the friction increased with the length of hydrophobic tails of surfactants, which resulted from hydrophobicityinduced electrostatic interaction among the surfactants and polymer chains (Fig. 11(c) ). The anionic brushes with the carboxylate and the sulfonate side groups revealed different friction responses, which is due to the carboxylate groups getting a stronger specific interaction with the quaternary ammonium, and thus, with the multivalent metal ions. The mechanism of tuning friction was finally concluded; that is, highly hydrated and swelling polymer brushes show superior lubrication, partially collapsed polymer chains have moderate lubrication, while the completely dehydrated and collapsed conformation loses lubricating capability ( Fig. 11(a) ). The tunable lubrication platform would be helpful to further understand the lubricating mechanism of polymer brushes and would promote applications of these smart surfaces in micro fluidic devices, biosensors, and so on.
Recently, our group found that the weak interaction between polymers and surfactants played an important role in the lubrication behavior and wettability of polymer brushes, which depended on the surfactant concentration [40] . Taking cationic (PMETAC) and anionic (PSPMA) brushes as examples, with the addition of surfactant above the critical micelle concentration (CMC), the weak interaction achieved a gradual transition from ultralow friction to ultrahigh friction, because the surfactant exchange led to a strong dehydration of the brush. When the addition of surfactant was above the CMC, a reduction in friction for the anionic brushes was observed, owing to the lubricating effect of micelles, while the cationic brushes maintain a high friction, without this micelle lubricating effect. These results reveal the relation between surfactant adsorption and lubrication behavior.
Improved wear resistant by surface grafted polymer brushes
Migration of the artificial femoral head to the inside of the pelvis caused by the degeneration of the acetabular cartilage has emerged as a serious issue in resurfacing or bipolar hemi-arthroplasty [41] . Surface modification of the cobalt-chromium-molybdenum alloy (Co-Cr-Mo) is one of the promising means of improving lubrication for preventing the migration of the artificial femoral head. Ishihara et al. systematically investigated the surface properties of the various surface modification layers formed on the Co-Cr-Mo surface by the MPC polymer by dip coating or photoinduced radical grafting. The results showed that the cartilage/poly(MPC) (PMPC)-grafted Co-Cr-Mo interface mimicked a natural joint, with an extremely low friction coefficient of <0.01, as low as that of a natural cartilage interface. Moreover, in the PMPCgrafted layer no hydrolysis of the siloxane bond was observed throughout soaking in phosphate-buffered saline for 12 weeks, and it showed a long-term stability in water. These results illustrated that | https://mc03.manuscriptcentral.com/friction cartilage/poly(MPC) (PMPC)-grafted Co-Cr-Mo interface prevented degeneration of the articular cartilage. Current artificial joints with polyethylene (PE) surfaces have considerably less efficient lubrication and thus much greater wear, leading to osteolysis and aseptic loosening. Then, they reported the development of nanometer-scale hydrophilic layers with varying charge (nonionic, cationic, anionic, or zwitterionic) on cross-linked PE (CLPE) surfaces, which could fully mimic the hydrophilicity and lubricity of the natural joint surface [42] . The POEGMA-and PMPC-grafted CLPE cups exhibited high wear resistance in the hip simulator tests along with low coefficients of dynamic friction in the ball-on-plate friction tests. The primary mechanism underlying the low friction and high wear resistance must be attributed to the high level of hydration of the grafted layer, where water molecules act as very efficient lubricants. The secondary mechanism is repulsion of protein molecules and positively charged inorganic ions by the grafted polyelectrolyte layer.
Many excellent theoretical and computer simulation studies have been performed to elucidate the mechanism responsible for low friction between polymer brushes. However, to extend these insights to sliding layers is a challenge. Goujon et al. have calculated the kinetic friction coefficient of neutral and charged polymer brushes with the same grafting density at different compression ratios, in an effort to model SFB experiments in these systems using dissipative particle dynamics (DPD). They found that the kinetic friction coefficient between the charged brushes is higher than that of neutral brushes at low compressions and smaller at high compressions, although the differences remain small. They also showed that it is possible to simulate ultra-low friction coefficients, comparable with experiments, using the smallest shear rate accessible in a mesoscale simulation. The polyelectrolyte brushes can support a higher load due to the presence of free counterions within the brush. The viscosity in the polymer free gap is smaller in charged brushes than in neutral brushes, indicating that the solvent particles in this region assist the sliding of the two interacting charged brushes. The unexpected behavior of the shear deformation-induced structural heterogeneities in charged polymer brushes calls for further experiments to elucidate this local reorganization of the ions in adsorbed charged polymers.
The surface graft polymer brushes have a low coefficient of friction in a water environment, but are usually worn out within 50-100 cycles of macroscopic reciprocating friction by the sliding probe under a high normal load of around 100 MPa, resulting in a high friction coefficient owing to the exposure of the bare substrate. Thus, the wear resistance for the application of a polymer brush is not sufficient for its practical use under load bearing conditions. However, it is not difficult to solve this issue, because the polymer brushes composition and structure can be flexibly designed by researchers. Takahara et al. reported that partially cross-linked ion-containing polymer brushes were effective for the improvement of wear resistance without loss of good lubrication. They prepared copolymer brushes of 2-dimethylaminoethyl methacrylate (DMAEMA), 2-(methacryloyloxy)ethyl phosphorylcholine (MPC), 2-(methacryloyloxy)ethyl trimethylammonium chloride) (METAC), and 3-sulfopropyl methacrylate potassium salt (SPMK) with excellent waterwettability [43] . Among them, the poly(SPMK) revealed an extremely low friction coefficient of around 0.01, even after 450 friction cycles. Furthermore, the poly(SPMK-co-METAC) brush with electrostatically cross-linked structure showed an extremely low friction coefficient in water, even after 1,400 friction cycles under a pressure of 139 MPa. The cross-linking structure improved the shear strength of the polymer brush thin films, thus preventing wear of the brush, and maintaining hydrophilicity to assist water lubrication.
From the above, lowering friction can be basically achieved by interface adsorption of small molecules in oil lubrication, so that viscous shearing can be transformed to shearing between an ordered molecular assembly or by adsorption of hydrated molecules to generate hydration lubrication in water environment. A comparison of research on aqueous and oil lubrication would be of benefit to both. One question is whether it is possible to achieve ultralow friction in an oil lubricating system, and how. How can stable ultralow friction be achieved under most engineering conditions, e.g., high loads, engineering surfaces rather than atomic flat surfaces, and conformal surfaces?
Friction reduction and antiwear based on tribochemistry
In mixed and boundary lubrication, surface asperities come to contact, deform, and break down, as seen in Fig. 12(a) . Complex tribophysicochemical processes occur, which include local temperature increase, wear of local asperity to generate a fresh nascent surface, and triboemission (electrons, ions, photons, etc.). Boundary adsorption films can prevent direct contact of asperities (Fig. 12(b) ). Flash temperature is generated at contacted asperities, and it is usually short lived. If the heat cannot be dissipated in time, it would lead to increased temperature that exposes lubricant molecules to thermal stress and speeds up a tribochemical reaction. As shown in Fig. 12 (c), when asperities are worn off, a nascent surface is generated with dangling bonds, and it is far more reactive than the native surface to activated reactions [44] . Another tribophysical process is the triboemission, the emission of electrons, ions, photons, UV radiation, IR radiation, and acoustic emission, as a response to friction and wear processes [45] . The spontaneous emission of low-energy electrons (exoelectrons) from solid surfaces comes from plastic deformation, abrasion, fatigue cracking, or phase transformation. The positive charges or electron vacancies left on the frictional surface, though having only a minute life time, are sufficient to initiate chemical reactions with molecules of the environment. Triboplasma (Fig. 13 ) may be generated by discharges in the surrounding gas owing to triboelectrification [46] [47] [48] . In the vicinity of the sliding contact reactions, it can cause tribochemical reactions [47, 49] .
Tribochemical reactions
Tribochemistry generally refers to the chemical reactions that occur between the lubricant and the rubbing surfaces under boundary lubrication conditions [51] . It may have harmful effects by accelerating the decomposition of lubricants or have beneficial effects by forming friction and wear reduction organic films. The protective films are usually formed at much lower temperatures than those at which lubricants normally show chemical activity, indicating a catalytic reaction by friction. Tribochemistry is a complex process, which is very difficult to fully understand, and could not always be explained with the traditional static reaction mechanisms of thermal and catalytic reactions, but also must be governed by those chemical reactions under the dynamic triboprocess. For example, zinc dialkyl dithiophosphates (ZDDPs), as very effective comprehensive additive in versatile base oils, have been used for dozens of years. However, the underlying mechanisms have not been fully disclosed so far, and thus, it is still a key topic. Beyond surface adsorption, tribochemical reaction is the main functioning way of friction reduction and antiwear additives.
Fig. 12
The contact complications in mixed and boundary lubrication Fig. 13 Model of triboplasma generation through discharging of gas owing to triboelectrification [46, 47, 50] . Reproduced with permission from Ref. [46] . 
DDPs based additives
ZDDP reacts with asperities to reduce the contact and when the load is high enough to collapse the oil film, it reacts with the entire metal surface to prevent welding and to reduce wear [51] . Most of the attention in recent years has been focused on the ability of ZDDP to form tribofilms on rubbing iron and steel surfaces under mild wear conditions and, in particular, on the chemical composition and properties of these films. They consist primarily of closely packed pads of glassy, zinc or tho-and pyrophosphate, typically 5 μm across and 100 nm thick [52] . The outermost layers of these pads contain a longer chain zinc polyphosphate. The lower layers next to the surface contain some iron cations in place of zinc. Between the pads there are fissures containing a bulk solution.
Under more severe conditions, they also act as an extreme pressure additive to form metal sulphides and the phosphate glass to prevent cold welding. Mosey carried out a computer simulation of zinc dialkyl dithiophosphates under extreme conditions and concluded that pressure-induced cross-linking is a key mechanism in the formation and functionality of antiwear films [53] . Recently, Gosvami et al. monitored in-situ the growth and properties of the tribofilms in well-defined single-asperity sliding nanocontacts [54] . They found that the growth of ZDDP antiwear tribofilm increases exponentially with the applied pressure and temperature. This result is consistent with the stress-assisted reaction rate theory. The research provides a new way to study tribochemical phenomena and functionality at the molecular scale. Following the application of ZDDPs, many analogue compounds have been developed. Among these compounds, molybdenum dithiophosphates (MoDTP) and molybdenum dithiocarbamate (MoDTC) have been extensively studied. Grossiord et al. have investigated the mechanisms of MoDTC for reducing friction under boundary lubrication using analytical tribometry [56] . The C-based tribofilm contains a few percent of highly dispersed MoS 2 in the form of individual sheets of length less than 10 nm. A mechanism of the breakdown of the MoDTC molecule from a chemical point of view was proposed, as shown in Fig. 14 [55, 56] . The initial step towards MoS 2 formation is via electron [55, 56] . Reproduced with permission from Ref. [56] . Copyright Elsevier, 1999. transfer at the Mo-S chemical bonding MoDTC (Fig. 14(a) ), leading to the formation of three free radicals (Fig. 14(b) ): two at the core of MoDTC and the other one at the chain end. The third step is core radical decomposition (Fig. 14(c) ) into MoS 2 and MoO 2 , which can be further oxidised, and the recombination of chain end radicals forming thiuram disulphides. The layer-lattice structure of the molybdenum disulphide makes it possible to achieve low friction. The thiuram disulphides form the interlayer, having weak van der Waals force, and is easy to shear resulting in a low coefficient of friction. Besides, the organic molybdenum additives (DDP based and DTC based) contain several polar atoms such as S, P, and N. These strong activity components can react with the substrate materials, such as steel, to form boundary friction reduction and antiwear films consisting of MoS 2 , FePO 4 , FeS, and FeO, which can prevent the substrate from cold welding. The effectiveness of MoDTC in reducing friction is strongly affected by synergistic or antagonistic effects with other additives [52, 53] , especially ZDDP. When ZDDP is used with MoDTC, it helps to produce MoS 2 and benefits the lubrication performance.
With the growth in awareness of the environmental crisis, the pollution problem from lubricating oils is receiving increased attention. The possible solutions are to use environmentally friendly lubricants and additives. Therefore, there has been an increasing demand for developing environmentally friendly |www.Springer.com/journal/40544 | Friction http://friction.tsinghuajournals.com lubricants and additives with low-sulfur and lowphosphorus have been of great interest in tribochemical research in the past decade. Novel zinc-free compounds, alkyl borate-dithiophosphates, with a low content of sulphur and phosphorus, are designed as additives for lubricants [57] . Their interfacial performance in steel-to-steel contacts in a mineral oil was studied in terms of friction and antiwear characteristics. This class combines two high-iron-affinity surface active groups, borate and dialkyl dithiophosphate, into a single molecule. The results show that alkyl boratedithiophosphates, with substantially reduced amounts of sulphur and phosphorus compared with Zn-Bu DTP, have considerably better antiwear and friction performance. This is mainly because tribofilms, formed on the steel surfaces when the novel additives are admixed in the mineral oil, enhance steel-to-steel contact performance. Metal-, sulphur-, and phosphorous-free additives will be a long-term task.
Ionic liquids additives
For the above mentioned target, ILs represent a good choice to be considered. As mentioned before, ionic liquids, as the base oils, exhibit excellent tribological behavior from fluid lubrication to boundary lubrication [4, 58, 59] . Except for the polarity-induced surface absorption, under harsh sliding conditions, the active elements [N, F, P(B)] in ionic liquids offer sufficiently rich tribochemistry to form extreme pressure films of lower shearing strength by reacting with the fresh surface, which leads to lower friction coefficient and good wear resistance. It was found that ionic liquids as the additives in base oils also perform very well [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] . The tribochemical reactions of ILs have been extensively studied. Qu et al. [9] have characterized the boundary lubricating film formation of an ionic liquid (IL) trihexyltetradecylphosphoniumbis(2-ethylhexyl) phosphate as potential antiwear lubricant additive in polyalphaolefin oil. Figure 15(a) shows a cross-section of the near surface region underneath the wear scar lubricated by PAO+IL(5%). It clearly shows a two-layer structure including a top triboboundary film (120−180 nm) and a subsurface plastic deformation zone (0.5−0.8 μm) with a refined grain structure. This protective boundary film is responsible for the antiscuffing/antiwear functionality. The higher-magnification image of the boundary film in Fig. 15(a) ) reveals an amorphous matrix embedded with fine nanoparticles (1−10 nm in diameter), and the electron diffraction pattern (insert in Fig. 15(b) ) confirms the nanocomposite phase structure. The EDS element mapping in Fig. 15(c) (corresponding to the blue dashed box in Fig. 15(a) ) shows high concentrations of P, O, and Fe in the boundary film, because of interactions/reactions between the IL and the metal surface.
Despite of their exceptional tribological property, the thermo-oxidative stability is a more useful parameter of ILs for practical applications. When the imidazoliumbased and ammonium-based ILs are kept at 200 °C for 1,000 h, the color of the samples will turn to black after long time thermal stress, probably owing to the Hofmann elimination reactions [76, 77] . Corrosion of ILs is primarily the result of the hydrolysis of perfluoro-anions such as BF 4 -and PF 6 -, or from impurities like halogens introduced during synthesis [58, 78] . Thus, thermal oxidization and corrosion are two problems of ILs lubricants in real applications. An effective way to enhance the anticorrosive and antioxidative properties of ILs is to introduce functional groups. As shown in Figs. 16(a)-16(c) , by incorporating benzotriazole and sterically hindered phenol, or both, into imidazolium, the anticorrosion and antioxidation properties could be considerably enhanced when 374 Friction 5(4): 361-382 (2017)
| https://mc03.manuscriptcentral.com/friction these compounds were used as the anti-wear (AW) additives in polyether [79] [80] [81] . The molecular design is to introduce more tribochemical reactions that can inhibit oxidation and corrosion for better protection of base oils. It has been recently found that ionic liquids could be formed in base liquid in-situ by blending TFSILi with polyether and polyol ester [82] [83] [84] [85] . Lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) can form ILs with synthetic esters, [Li(synthetic ester)]TFSI, by the donation of lone pairs on carbonyl oxygen atoms of an ester molecule to a lithium ion to form a weakly Lewis-acidic complex cation [Li(synthetic ester)] + and the following interaction with the weakly Lewisbasic anion TFSI − to generate [Li(synthetic ester)]TFSI. LiTFSI interacts with polyether in a very similar way. The easy preparation, extremely good solubility, and excellent tribological properties of the in-situ formed ILs provide them with great advantages when compared with conventional ILs, which can hardly be used as lubricant additives in synthetic esters owing to their low solubility ( Fig. 16(d) ).
Both DDP type of additives, ILs, and many others have multiple active elements in molecules, which allows a rich tribochemical reaction to occur during friction. The tribochemical reaction products prevent direct contact between the sliding pairs, which is the basis of friction reduction and antiwear. The S, P, N, and F elements are mostly seen in these additives. There are strong demands to reduce their content owing to the increased environmental pressure. Therefore, one critical topic is whether we can find alternatives that are environmentally friendly, while maintaining enough reaction activities to form boundary protecting films through triboreaction. Potential solutions include (1) designing B, N based additives; (2) developing inorganic additives, as will be reviewed later; and (3) developing oiliness lubrication techniques.
Superlubricity owing to tribochemistry
The state in which friction between two solids is zero and the solids slide without resistance to motion is called "superlubricity" [87] . Because of the limits in measurement precision, in practical terms, the lubrication state can be considered as superlubricity when the friction coefficient is lower than 0.01 in a sliding system [1] . At present, superlubricity materials include solid lubricants (diamond like carbon (DLC), molybdenum disulfide (MoS 2 ), etc.) [88] [89] [90] and liquid lubricants [91] [92] [93] [94] [95] [96] [97] . The solid lubricants have been studied in detail by molecular dynamics simulations and experimental investigations. However, the investigation on liquid lubricants for superlubricity is still at the early stage. Li et al. found the novel superlubricity phenomenon of phosphoric acid (H 3 PO 4 ) under ambient conditions [91, 98] . An ultralow friction coefficient of about 0.004 between glass/Si 3 N 4 and sapphire/sapphire tribopairs was obtained under the lubrication of a phosphoric acid aqueous solution (pH 1.5) at high contact pressure (the maximum pressure can reach about 1.65 GPa), after a running-in period of about 600 s. The tribological results showed that the whole friction process could be divided into three stages according to the evolution of friction coefficient with time. The first stage, from 0 s to 160 s, corresponded to the process of friction rapidly decreasing. In this first stage, the mechanical action between the two surfaces plays the dominant role instead of the chemical reaction. A severe wear occurred on the friction surfaces, and as a result, the contact area increased rapidly and the contact pressure was Fig. 16 Functionalized ionic liquids [79] [80] [81] , and in-situ formed ionic liquids as the additive [86] . Reproduced with permission from Ref. [86] . Copyright American Chemical Society, 2012. reduced consequently. In addition, the tribochemical reaction between hydrogen ions and friction surfaces occurred in the contact region (SiOH + H + = SiOH 2 + ) during the first stage, which would make the surfaces to become positively charged. The surface charge can produce the stern layer, and the electrical double layer reduces their friction coefficient. The second stage, from 160 s to 520 s, was a slowly friction-reducing process. In this stage, no wear is occurring but the volume of solution is reduced to a limited amount to form the starvation state, and a hydrogen bond network among (H 3 PO 4 , H 2 PO 4 + , and H 2 O) is formed in the confined solution. The third stage, from 520 s to the end of the test, was the superlubricity process. In this stage, the superlubricity would keep constant if a thin film with hydrogen bond network among H 3 PO 4 , H 2 PO 4 + , and H 2 O is adsorbed on the track to bear the load. Therefore, the superlubricity mechanism of phosphoric acid is attributed to the hydrogen bond network between the phosphoric acid and water molecules formed on the stern layer that is induced by the attached hydrogen ions [91, 92, 98, 99] .
Except the experimental investigations, reactive molecular dynamics simulations are conducted to investigate the superlubricity mechanism induced by tribochemical reactions in the silica/phosphoric acid system [100] . The friction coefficient is found to have strong positive correlation with the number of interfacial hydrogen bonds, which suggests that a weaker interfacial hydrogen bond network would favor a lower friction. The sliding friction behaviors and tribochemistry of phosphoric acid under solid confinement and shear have a strong temperature dependence in a wide temperature range. The friction reduction mechanisms have been analyzed in two temperature regimes. For 300 ≤ T ≤ 600 K, no indication of tribochemical reaction is observed, and the friction coefficient decreases because of the accelerated molecular rotational and translational motion and the corresponding weakened hydrogen bond network. For 800 K ≤ T ≤ 1,400 K, the occurrence of tribochemical reactions leads to a clustering and polymerization of the phosphoric acid molecules and generation of a considerable quantity of water molecules, and formation of slip planes is also enhanced by the increasing temperature. It was observed the generation of water molecules and their accumulation at the sliding interface, which could lead to an even weaker interfacial hydrogen bond interaction, owing to the much faster dynamics of water molecules. Hence, it shows good lubricating properties with a friction coefficient as low as 0.02.
In 2008, Matta et al. observed a new superlubricity macrosystem of pure glycerol [1] . They found that the use of steel surfaces and/or ta-C coated surfaces, lubricated by selected polyhydric alcohol molecules, could give unsurpassed low friction values, below 0.01. This was attributed to the existence of a network of H-bond interactions in the confined interface zone. In addition to the formation of OH-terminated surfaces but at a lower temperature, that super low friction of polyhydric alcohols could also be associated with the triboinduced degradation of glycerol, producing a nanometer-thick film containing organic acids and water. An outstanding superlubricity of steel surfaces directly lubricated by a solution of myo-inositol (also called vitamin Bh) in glycerol at ambient temperature 25 °C could also be achieved. The mechanism could be associated with the friction-induced dissociation of glycerol and interaction of water-like species with the steel surface. This remarkable superlubricity behavior has also recently been seen with other glycerol solution, with acids, or polyhydric alcohol [101, 102] .
Physicochemistry process of nanoparticular as lubricant additives
Nanoparticles have been explored as lubricant additives for about 20 years [103] . With respect to the bulk materials, the nano additives have low melting points (in case of metallic nanoparticles), high boundary adsorption ability, and high reactivity owing to the small size and interfacial effects. Thus, they easily form boundary layers of low shearing strength at the frictional surfaces, to reduce the friction coefficient and to repair the worn surface through deposition at more severe conditions [104] . Xue et al. have proposed the tribochemistry and antiwear mechanism of organic-inorganic nanoparticles, such as the dialkyldithiophosphate coated Cu, Ag, LaF 3 , and the organic acid coated TiO 2 nanoparticles as lubricant additives at different lubricating regimes [105] . The schematic lubricating mechanisms are demonstrated in Fig. 17 [106] . Under mild sliding conditions, dialkyldithiophosphate and the organic acid can become orientated perpendicular to the specimen surface, and thus, form a film to withstand the local contact pressure. When the lubricating film between the tribo-pairs becomes thinner, and mixed or boundary lubrication occurs, the nanoparticles may carry a proportion of load and separate the two surfaces to prevent adhesion, thus benefiting the antiwear properties. When the shearing is strong, the nanoparticles' core/shell structure may be destroyed and the surface capping layer desorbed and decomposed. The inorganic core may be melted and welded (inert metal nanoparticles such as silver) on the shearing surface, or attached on the surface (adherent, laminar material such as lanthanum trifluoride), or react with the specimen to form a protective layer, thus providing good antiwear and extreme pressure properties. Oil-soluble boron containing compounds are good friction-reducing additives and possess antirust and anticorrosive properties, but they are liable to hydrolyze. Hu et al. have synthesized amorphous lanthanum borate nanoparticles as a wear resistance additive in lubricating oil [107] . The wear resistance and load carrying capacity of base oil was significantly improved. The tribochemical reaction product of FeB plays a key role in antiwear at the boundary lubricating condition. Layered inorganic nanoparticles such as colloidal molybdenum disulfide, graphite, and boron nitride, have high slip incidence between layers that are Fig. 17 Action mechanisms of nanoparticle additives [106] . good for lubrication. Tannous et al. investigated the tribological property of the fullerene-(IF)-likeMoS 2 nanoparticles for different rubbing surfaces (steel, alumina, and diamond-like carbon) [108] . The results indicated that IF-MoS 2 in PAO showed good friction reduction and antiwear properties for steel/steel contact. A tribofilm composed of 2H-MoS 2 layers was observed on steel surfaces. It was found that these MoS 2 sheets were not only incorporated in the native iron oxide layer present at the outer surface of the steel, but also a reaction occurred between MoS 2 and the iron atoms/iron oxide species. S-O, Mo-O, and Fe-S bonds were identified by X-ray photoelectron spectroscopy (XPS). WS 2 has a similar structure to MoS 2 and the WS 2 nanoparticles can reduce the friction coefficient by 30%-50% [109] . The addition of IF-WS 2 nanoparticles to the base oils results in up to 50% reduction in friction coefficient in the mixed lubrication regime.
Graphite has a layered structure and it has been used as lubricant owing to the interlayer slip. The single layer form of graphite, graphene, has received research interest recently, which can elucidate the lubricating mechanisms of graphite. Graphene itself can be used as a green nanoadditive. Eswaraiah et al. studied the tribological properties of graphene as additive in engine oil, and found that at concentration of 0.025 mg/mL, when compared with the base oil, the friction coefficient and wear scar diameter decreased by 80% and 33%, respectively. This can be attributed to the nanobearing mechanism of graphene in engine oil, and to the ultimate mechanical strength of graphene [110] . The tribological properties of oleic acid-modified graphene as PAO-9 oil additive was investigated by Zhang et al. [111] . The results showed that a lower concentration graphene (0.02-0.06 wt%) effectively improved the tribological properties of lubricating oils, with friction coefficient and wear scar diameter reduced by 17% and 14%, respectively. Graphene can form a protective layer on the surface of each steel ball at lower concentrations, which introduces the enhanced antiwear performance. However, as the graphene loading exceeds a critical value, the oil film becomes far more discontinuous, thus degrading the antiwear properties and finally leading to dry friction.
Conclusions and perspectives
This critical review deals with physicochemistry at frictional interfaces, and presents the frontier research of friction control and lubrication. It is very clear that interface friction depends on the interplay between lubricating media and substrates. The liquid lubrication section is organized around the traditional Stribeck curve, and points out how surface physicochemistry affects lubrication, and presents the research frontier in each regime. In liquid flow on a solid surface or in hydrodynamic lubrication of liquid film separating sliding contacts, large boundary slips are expected to result in apparent friction reduction by reducing the viscous drag. How the advance of surface science can be utilized to create a stable and large boundary slip is an issue to be further explored. In mixed and boundary lubrication, a condition in which the lubricant film becomes too thin to provide total separation, lubricating oils must completely wet a surface in order to form an effective lubricating film. One way to improve the load-carrying capacity is to strengthen the surface interaction. For rational design, high polarity oils are desirable. ILs represents such an ideal candidate. The application of ILs still faces some issues to be tackled, such as the presence of fluorine content that leads to corrosion, low temperature fluidity, and higher cost. Although there are fluorine-free ILs, it is uncertain whether the substitute ILs have comparable tribological properties, which is of importance because the appropriate triboreaction is a guarantee of good performance.
Surface adsorption is the key for the friction modifiers to assume their function. A pertinent question is whether the research progress of self-assembled monolayers can provide some new insights into designing novel additives. The novel additives must have strong enough adsorption strength (head anchors) and easy-to-shear tails. Another issue, which addresses environmental concerns, is whether we can find equivalent head anchors to replace sulphur/phosphorous containing anchors, such as by creating a multivalent interaction to enhance the interaction strength. The surface adsorption dynamics are another factor to be considered (which might vary for different additives on different substrates), but its correlation with tribological properties is rarely studied.
Biomimicking design of lubricants will be a research focus in the future. It is seemingly more helpful for aqueous lubrication. The question is whether we can find some clues to develop environmentally benign additives for oil lubrication. One apparent clue is that nature's realization of ultra-low lubrication and high load capacity depends not only on interface materials, but also on micro/nano structures. Surface ordered structures will play a key role in drag-reduction of fluid flow and in enhancing the elasto-hydrodynamic effect. Besides, how nature's self-healing capability could be used to design novel lubrication materials and techniques is another area for further research.
Under boundary lubrication condition, the tribology behavior is strongly affected by surface chemisorption and surface tribochemical reactions of additives. The reaction film product can interact with the native oxide layer and sometimes with the crystal structure of the substrate. Understanding the tribochemical reaction mechanism and the structure and composition of reaction products plays a crucial role in understanding the failure mechanism and enabling the industrial development of new lubricant systems. It is still rather difficult to carry out in-situ characterization at single asperity and dynamic surface adsorption at nanometer scale. Very excitingly, we have seen some progress regarding, for instance, the use of TEM and AFM to study the friction process of single asperity in-situ. It is supposed that more advanced surface characterization techniques will be implemented.
One final issue is the question of what to do if the entire liquid lubrication fails and dry friction comes into being. This actually happens very often when a component starts relative motion with very low speed and high load. The most feasible solution is to combine liquid and thin solid film lubrication, so that when liquid lubrication fails, the solid lubricating films will undertake the function of lubrication. It is well known that some soft metallic materials (such as Au, Ag, Cu, and their metal sulfides), polymers (polytetrafluoro-ethylene), and carbon materials have low shearing strength. Thus, thin solid films made of these materials can provide low friction coefficient and antiwear properties. By combining liquid and thin solid film lubrication, it is highly possible to realize lubrication at all regimes. The tribophysicochemistry Up to now, he has published more than 500 papers with citation over 20,000. He holds 80 Chinese patents and 1 US patent; won 2 National Awards for Technological Invention (second class) and 1 National Award for Natural Sciences (second class). Currently, his research interests mainly focus on space and aviation lubrication, high performance lubricating materials, and tribochemistry.
